Abstract. Despite the rapid developments of prosthetic hands technologies in recent years, there still exists a huge gap between prosthetic hands and human hands in flexibility. The limitation of sensors attached to the prosthetic hand is one of the causes, and another reason is that the materials, weight, and stiffness of the object gripped by a prosthetic hand are unknown. Additionally, the external disturbances in prosthetic hands are not certain. The factors mentioned above lead to difficulties in controlling grasping force of prosthetic hands, and that affects the quality of prosthetic hands applications. Therefore, it is important to design a stable and reliable system to control grasping force. This paper presents a dual-loop control system of grasping force for prosthetic hands, and we carried out some relative experiments based on a single degrees of freedom prosthetic hand. The experiment results show that the proposed control system is effective.
Introduction
Hands are an essential part of a human body, but some people may lose their hands due to some incidents, such as diseases, work injuries, traffic incidents, etc. Those people face big challenges in their daily life, and someone even has serious mental illnesses. To solve these problems, the prosthetic hand has been created. There are different types of prosthetic hands. According to the degrees of freedom (DOF), prosthetic hands are classified into single DOF hands and multi-DOF hands; according to the ways of actuation, prosthetic hands can be classified into hydraulic-drive hands, electric-drive hands, etc. During its evolution, the prosthetic hand has experienced changes from bigsized, two-finger to small-sized, multi-fingered. Meanwhile, the prosthetic hand turns preciselygrasped and becomes more functional compared with its initial functions like simple grasp. Generally speaking, tendencies of prosthetic hands' developments are humanoid, multi-functional and highly integrated. The ultimate goal of the invention of prosthetic hands is to offer people who lose hands a normal life.
The appearance of the prosthetic hand brings hope to the disabled, but some problems arose which restrict its further developments. For getting a better and functional prosthetic hand, designing a stable and reliable control system is a key point. As demonstrated in [1] [2] [3] , methods for controlling prosthetic hands are proposed. Even if a prosthetic hand is shaped exactly like humans' hands, it can't act well without a good control system. So it is an urgency to improve the control system. On the basis of researches conducted in recent years, the control system of prosthetic hands includes open-loop control systems and close-loop control systems. The biology-decoding technology has been applied to the open-loop control, enabling people to control prosthetic hands directly. The close-loop system like sliding mode control [4] , PID control [5] and EMG proportional control [6] is widely used. Both the open-loop systems and close-loop systems have advantages and disadvantages, and they all play an indispensable role in the control of prosthetic hands. Nevertheless, the close-loop systems mentioned in the following contents are mainly applied in prosthetic hands.
Problem formulation
Nowadays using the biologic signals of human bodies to control prosthetic hands directly is a major method in an open-loop control system. By decoding the EMG signals, EEG signals and peripheral nerve signals, the system can obtain the human intentions from brains, and sends out instructions which are scaled up to control the prosthetic hand. When the grasping is not stable, people who wear a prosthetic hand can adjust the intensity of biologic signals to control the grasping force with visual feedbacks. However, there are many difficulties in the biologic-decoding control system. For instance, the biologic signals acquired from sensors are weak, and with the time passing, some drifts of those signals may happen, which generates some interference in controlling processes. Furthermore, it takes a long time to decode the biologic signals, resulting in some delays in controlling prosthetic hands. In that case, the real-time control is hard to realize. Generally, applying the biologic-decoding method to gain information about shapes, sizes or weight of objects gripped by prosthetic hands is limited. Only some simple grasping modes can be realized in an open-loop system.
The closed-loop control is the key to promoting applications of the prosthetic hand, which is also important to realize an efficient and stable grasp. Many researchers have proposed a kind of closedloop control system of grasping force based on position sensors and tactile sensors. Control strategies used in this system are mostly the impedance control. It could adjust the grasping force by using the feedback information to control the position of hands. Some methods about grasping force control proposed in [7] [8] is efficient in controlling the grasping force of prosthetic hands. For now, how to design a closed-loop system to control the grasping force of prosthetic hands well is an urgent issue, and it is a significant step to promote the marketization of prosthetic hands.
The structure of dual-loop control system
Researches have shown that when people are ready to grasp an object, they will observe the features of this object firstly, and then the nerve system conveys the feature information to the brain. Next, the brain estimates a proper grasping force according to life experience, and sends a grasping order to the body. As soon as the skeletal muscles get a grasping order from the nerve system, they will shrink to make the grasp happen. If the force is too small, people's tactile and slip systems will feed back the signal to the spinal cord nerve system. With these feedbacks, human hands will increase grasping force by shrinking muscles to make sure the object gripped will not slid.
When grasping an object, human hands can adjust the force at any moment, making sure the object will not become deformed or slid. After comparing with the grasping strategies of human hands, we propose a dual-loop control system based on DSP28335 to control the grasping force.
The dual-loop control system consists of the controlling and driving circuitry, the DSP28335 controller, sensors, etc. The core of the dual-loop system is a DSP28335 controller. It includes hardware and software, and the hardware is shown in Figure 1 . Also, the programming of software is accomplished in CCS 3.3 provided by Texas Instruments firm. The dual-loop system has two modes used in grasping force control. One is called the primary control, and the other is called the reflex control. In the primary control, a rule base of fuzzy controller based on FSR is built to make the grasp real-time. The structure of the fuzzy controller is shown in Figure 2 . f is the expected grasping force, and f is the real grasping force. e K , d K , 0 K and u K are the ratio coefficients. The FSR, whose functions are introduced in [9] [10] [11] , is in charge of detecting grasping force and generating relative signals. With the grasping force signals gained at the first touch, the primary control system evaluates an expected force and gives instructions to the fuzzy controller, which is widely used for industrial process [12] [13] [14] [15] . Then the fuzzy controller can control grasping force to make the grasp more precise. The primary control aims to simulate the human grasping process, which is a fuzzy control process, so we use the fuzzy controller to realize it. To test the primary control, the fuzzy controller is used in experiments in comparison with the digit PID controller, whose mathematical expressions can be described as:
where 0 T is the sample period, i T is the integration constant, d T is the differential constant and p K is the proportional gain. In the reflex control, when disturbances happen in the grasping period, the grasping force is adjusted by the control system to avoid sliding or destruction of objects. Two modes' block diagram in the dual-loop control system is showed in Figure 3 and 
Experiments and results
To test the dual-loop system's abilities in controlling grasping force, we conducted some grasping experiments based on the primary control, the reflex control and the dual-loop control with a single degree of freedom prosthetic hand, whose transfer function can be described as follows: 
The core of our experimental platform is the F28335 chip made by TI firm, and the motors are controlled by the PWM technology. Our whole experimental platform is shown in Figure 5 . 
The primary control experiment
Three objects with different hardness are used in this grasping experiment. We applied the digital PID control algorithm and the fuzzy control algorithm to make a comparison. By the test-and-error method, the parameters of PID and Fuzzy algorithms can be acquired as follows in Table 1 . The sample rate used in this experiment is 1000Hz. Results of grasping the hard object are as below: The materials of grasped objects, the expected grasp force, weight of objects, driving voltage and initial voltage of the primary control mode experiment are showed in Table 2 . From these experiment results, it is convinced that the fuzzy control algorithm, which is used in the primary control, can give a more stable grasping force compared with the digital PID control algorithm. By the way, the overshooting is less when we use the fuzzy algorithm. In a word, the primary control system enables the prosthetic hand to grasp an object stably without destruction. 
The reflex control experiment
The reflex experiment based on the disturbance observer was conducted with three objects of different hardness, and the fuzzy control algorithm was used. The disturbing device is shown in Figure 9 . The FSR sensor is stuck in the thumb to measure grasping force signals. The DSP control system takes charge of making prosthetic hand move, and the pressure bar of manometer hits the object griped by prosthetic hands with a certain amount of pressure, which could make the object slide. Using the manometer to hit the prosthetic hand when a hard object is grasped stably, and results are shown in Figure 10 . The result of hitting a middle-hardness object is shown in Figure 11 . The results of hitting a middle-hardness object are shown in Figure 12 . The weight of experimental objects, materials of objects, hitting moments, stable grasping forces, decrement of grasping force, increment of voltage and fluctuation time are described in Table 3 . Results above show that the grasp is stable before or after the disturbances happened. During the process of disturbing, the voltage applied in motors changes with the disturbing signals to make sure the prosthetic hand can grasp objects tightly without falling.
The dual-loop control experiment
Systematic frames of the dual-loop system are showed in Figure 13 . The experimenter is a normal person whose hands are tied on a plate fixed with the prosthetic hand. When the experimenter picks up a metal cup and keeps it static, some water is added into the cup. It is obvious that the primary control mode works from 0s to 20s, and the error is about 0.13N, which is reasonable. In the 20 th seconds, water was poured into the metal cup in the experiment, and the disturbance observer monitored the prosthetic hand. Then the reflex control mode worked to increase the grasping force, making sure the object gripped by prosthetic hands did not fall. At this period, there existed overshooting of about 0.3N, which was acceptable. With results above, it is convinced that the dual-loop control system is efficient in controlling the grasping force.
Conclusions
In this paper, a dual-loop control system of grasping force for prosthetic hands is proposed. The primary mode of the dual-loop system aims to adjust and control the grasping force when prosthetic hands grasp different objects. The reflex mode of the dual-loop system can detect the disturbing signals and adjust the motor voltage to help the prosthetic hand overcome the disturbances, making sure the grasp is stable.
Experiments based on a single degree of freedom prosthetic hand were conducted. Three objects with different hardness were used in the grasping experiments, and the experimental results indicates that the dual-loop control system can make the prosthetic hand grasp smoothly without destruction and control the grasping force efficiently.
